1. Certain muscles in the hind foot of rats were partially paralysed by applying tetrodotoxin to part of their motor innervation. In these muscles motor nerve sprouting occurred from the terminals of the unblocked axons. The extent of sprouting was compared with that seen in totally paralysed and in partially denervated muscles.
INTRODUCTION
Motor nerve terminals in adult mammalian skeletal muscle maintain precise and stable anatomical relationships with the muscle fibres they innervate, covering all of the specialized post-synaptic membrane and seldom straying beyond it. This normal pattern is not immutable, however, since the nerve terminals, when given the proper stimulus, can sprout, grow, and innervate neighbouring muscle fibres, while maintaining their original synaptic connexions. The stimuli for motor nerve sprouting have been investigated in several kinds of experiments, in particular after partial denervation and after pharmacological block of nerve-muscle activity.
After partial motor denervation, the remaining nerve terminals sprout and innervate adjacent denervated muscle fibres (Hoffmann, 1950; Edds, 1953; . Evidence suggests that one stimulus for sprouting in such muscles comes from degenerating nerves: injection of lipid extracts of peripheral nerves into normal muscles causes sprouting of motor nerve terminals (Hoffmann, 1950) , as does dorsal root section, which produces degenerating sensory nerves without motor denervation (Brown, Holland & Ironton, 1978) .
While products of nerve degeneration apparently provide a sufficient stimulus for sprouting, they are not necessary; sprouting can occur in the absence of degenerating nerves. Thus, motor terminals sprout if muscles are completely paralysed by blocking neuromuscular transmission with botulinum toxin (Duchen, 1970) or by blocking nerve activity with tetrodotoxin . In these cases, the sprouting stimulus must come from a different source. Further experiments have shown that the source is not intrinsic to the blocked motor nerves, since the sprouting can be blocked by stimulation of the paralysed muscles, through implanted electrodes (Brown, Goodwin & Ironton, 1977) or foreign motor nerves (Duchen & Tonge, 1977) . Thus the sprouting stimulus must come from the muscle fibres, as a result of inactivity.
It is not known whether an inactive muscle fibre stimulates sprouting only of its own nerve terminal, or whether it is capable of causing terminals on neighbouring muscle fibres to sprout, perhaps by releasing a diffusible sprout-promoting factor. Such a diffusible factor, in addition to the products of nerve degeneration, would operate in partially denervated muscles.
The present experiments were designed to determine whether inactive muscle fibres can cause sprouting of active terminals on neighbouring muscle fibres, in the absence of nerve degeneration products. The experiments involved blocking activity in some, but not all, motor axons to a muscle for 1-2 weeks. Subsequent examination of the active terminals revealed that sprouting had occurred. Thus inactive muscle fibres communicate with nerve terminals on neighbouring muscle fibres, causing them 282 NERVE TERMINAL SPROUTING to sprout. The degree of sprouting in the partially blocked muscle was compared to that seen in totally blocked and partially denervated muscle.
METHODS
Experiments were carried out on male and female Sprague Dawley rats bred from stock obtained from Charles River Laboratories. At the time of initial surgery the rats weighed 150-200 g. Operations were carried out using ether or sodium pentobarbitone (60 mg/kg) anaesthesia.
Chronic block of nerve conduction. Prolonged block of nerve action potentials was achieved in the medial plantar nerve and lateral plantar nerve by chronic superfusion with tetrodotoxin (TTX; Sankyo). This drug was used because it blocks action potentials without affecting axoplasmic transport (Lavoie, Collier & Tenenhouse, 1977) . The TTX, dissolved in 0 9 % saline was contained in osmotic mini-pumps (Alza Corp., Palo Alto, California U.S.A.) which were implanted intraperitoneally. Two types of pump were used: Model 1701, which delivered its contents in 5-7 days, was filled with 250 Cog TTX/ml.; Model 1702, which delivered its contents in 12-13 days, was filled with 500 jug TTX/ml. Both types of pump supplied TTX at a rate of about 0-3 #sg/hr. Silastic tubing led from the osmotic pump to a moulded silastic cuff (length 3-4 mm; o.d., 2-2 mm; i.d., 2-0 mm). The tubing was threaded under the skin and the cuff was placed around the plantar nerves in the mid-calf region (Fig. 1) .
The cuffs fitted quite loosely, minimizing the possibility of damage to the nerves through compression. The tubing was filled initially with the TTX solution. The cuff served to hold the opening of the tubing in the vicinity of the nerves and to keep the TTX from rapidly diffusing away. In eleven rats studied in earlier experiments, relatively thick walled cuffs of much smaller internal diameter were used. These cuffs often damaged the nerves. Those experiments are not included here.
The plantar muscles receive innervation through the medial and lateral plantar and the sural nerves. The fourth deep lumbrical muscle and flexor digitorum quinti brevis receive innervation from the lateral plantar nerve and often, in addition, from an anastomotic branch of the sural nerve. The flexor digitorum brevis receives innervation from the medial nerve and also often from an anastomotic branch of the lateral (Betz, 1977; Betz, Caldwell & Ribchester, 1979) . The second deep lumbrical muscle receives innervation from the medial plantar nerve only. Chronic superfusion of TTX around the plantar nerves therefore caused the fourth deep lumbrical and the flexor digitorum quinti brevis to become partially inactive and the second lumbrical and the flexor digitorum brevis to become totally inactive (Fig. 1) .
The degree of nerve conduction block was assessed daily by pinching the toe pads of the foot with forceps (see Results). Briefly, light pinching of the most medial toe pads on the contralateral (unblocked) foot caused a brisk leg withdrawal response, while the animal ignored strong pinches made to the medial toe pads on the blocked foot.
Removal of inactive nerve terminals before final experiment. When nerve block began to wear off after 5-7 days, the lateral plantar nerve was cut in order to allow its nerve terminals to degenerate. Control experiments (see Results) showed that motor nerve terminals degenerated and no longer stained with zinc iodide and osmium tetroxide 12-24 hr after nerve section. Rats were therefore sacrificed 24 hr after section of the lateral plantar. This procedure ensured that only the nerve terminals belonging to motor axons in the unblocked sural nerve were stained.
In early experiments the lateral plantar nerve was cut above the anastomotic branch to the medial as this was technically the simplest operation. However, this procedure restricted the use of other muscles in the foot as controls for nerve damage. In later experiments the lateral nerve was cut just proximal to the anastomotic branch of the sural nerve (Fig. 1) . In those rats electrophysiological recordings and tension measurements (see below) were made from the flexor digitorum brevis and second deep lumbrical muscles respectively, to test for the possibility of nerve damage caused by initial surgery or by the cuff. As an additional control a piece of the lateral plantar nerve was removed at the time of denervation and processed for histological counts of the number of myelinated axons. The nerves were fixed in phosphate buffered 2-5 % glutaraldehyde and embedded in Epon. Transverse sections were taken at 1 jIm and the sections were stained with toluidine blue and photographed. Myelinated axons were counted from x 2000 photomicrographs of the sections. (Betz, Caldwell & Ribehester, 1980) . The animals were killed 5-6 days later.
Zinc iodide/osmium tetroxide staining. In the final experiments, muscles were stained with zinc iodide and osmium tetroxide (ZIO). The staining medium was made by a modification of the method of Akert & Sandri (1968) . Zinc iodide was made freshly on each occasion by reacting 3 g powdered zinc with 1 g iodine in 40 ml. deionized water. The reaction proceeded until the 284 NERVE TERMINAL SPROUTING2 supernatant was colorless. Excess zinc was rapidly filtered off. To the filtrate, 8-5 ml. of an aqueous 2 % solution of osmium tetroxide was added and the mixture allowed to stand for 45-60 min. This mixture was then filtered and the muscles were pinned to dental wax and stained with the filtrate for 5 hr. The muscles were rinsed in deionized water, teased into bundles of up to ten fibres, and mounted in glycerol on microscope slides. Sprouts were identified as fine beaded outgrowths from the nerve terminal arborization. Measurements were made only on those sprouts which could be identified unambiguously, i.e. where the myelinated pre-terminal axon was visible or where multiple sprouts were observed. The length of nerve terminals (excluding sprouts) and the length of the longest terminal sprouts were measured at 500 x using an eyepiece graticule.
Intracellular recording and tension measurements. Physiological experiments were carried out to check for nerve damage and to search for signs of polyneuronal innervation of muscle fibres. Intracellular recordings were made using 4 M-potassium acetate-filled micro-electrodes of 40-80 Mil resistance. In muscles with innervation from two nerves, each nerve was stimulated separately. In other muscles D-tubocurarine chloride was added to the bathing fluid and stimuli to the muscle nerves were graded in order to recruit synaptic inputs of different thresholds (Redfern, 1970) .
Isometric tension recordings were made by attaching one tendon of a muscle to a transducer (Grass FTO3). The other tendon was pinned to the bottom of a Sylgard-lined dish. The resting length of the muscle was adjusted for maximal twitch responses. Motor units were counted from tension increments by grading the strength of stimuli applied to the nerve. Pulses of 1-10 V and 100 /,isec duration were applied using suction electrodes. Maximal direct tension was evoked by pulses of 100 V amplitude and 1 msec duration from a suction electrode placed directly on the surface of the muscle. Polyneuronal innervation was assessed by recording the titanic tension produced in response to separate stimulation of each of the two nerves innervating the muscle, compared with the total tetanic tension (Brown & Matthews, 1960) . The muscles were stimulated at 50 Hz for 0 5-1 sec. In addition, the amount of polyneuronal innervation was assessed from the twitch tension seen on delaying by 10 msec, single stimuli applied to each nerve (Brown & Matthews, 1960) . Specifically, the percentage of fibres innervated by axons in both the lateral plantar and sural nerves was given by:
where LS is the twitch tension seen on stimulating both nerves simultaneously and LS' is the tension seen on delaying the stimulus applied to the sural nerve by 10 msec. S and S' are the tensions seen on applying two stimuli to the sural nerve simultaneously (S) or separated by a 10 msec delay (S').
RESULTS

Control experiments
The present experiments were done to determine whether partial inactivity in a muscle could elicit sprouting of motor nerve terminals on normal, active muscle fibres. It was especially important that three conditions be satisfied. First, the nerve block had to be complete in order to compare quantitatively the sprouting in partially blocked muscles with that in partially denervated muscles. Secondly, there had to be no nerve damage produced by the cuffs. Thirdly, a method had to be found to identify histologically the active nerve terminals in partially blocked muscles. These are described below.
Tests for total nerve block. In previous studies (e.g. Lavoie et al. 1977; Thompson, Kuffler & Jansen, 1979 ) the absence of a toe spreading reflex was used to indicate completeness of motor nerve block. In those studies, TTX was applied to the whole sciatic nerve causing extensive paralysis of the lower hind limb. In the present experiments the TTX was applied to only a part of the nerve supply 285 2W. J. BETZ, J. H. CALDIWELL AND R. R. RIBCHESTER innervating the plantar muscles and skin of the hind foot, and the toe spreading reflex was not a useful test of nerve block. An alternative behavioural test, which proved to be reliable and sensitive, involved observing leg withdrawal in response to pinching (with fine forceps) certain toe pads of the hind foot. Control experiments on seven rats, in which the three nerves, medial and lateral plantar and sural were cut in every possible combination shortly before behavioural testing, showed that the Fig. 2 . Drawings of rat left hind feet showing foot pads on plantar surface that were pinched with forceps during daily tests of nerve block. Filled pads, total anaesthesia; stippled pads, partial anaesthesia; open pads, normal sensitivity. A, B and C from control animals in which the normal innervation pattern was mapped. Observations were made 1-2 days after cutting the medial plantar (A), the lateral plantar (B) or both nerves (C). The results show that the medial foot pads were innervated exclusively by the medial plantar nerve, and the lateral foot pads received innervation from the lateral plantar nerve and another source (shown in other experiments to be the sural nerve). Shown in D are typical results from an animal with 7 day TTX block of both medial and lateral plantar nerves. The pattern of anaesthesia is very similar to that seen after nerve section (C).
medial nerve always innervated the medial foot pads, and that the lateral plantar and sural shared innervation of the lateral foot pads. Typical results are illustrated in Fig. 2 . In experimental animals, before the supply of TTX contained in the osmotic pump was exhausted, the behavioural responses (Fig. 2D) were very similar to control animals in which both plantar nerves had been cut (Fig. 2C) . Thus the animals ignored strong pinches of the medial foot pads, and withdrew variably to pinches of the lateral foot pads, owing to innervation by the unaffected sural nerve. Light pinching or mere touching of the toe pads on the contralateral foot always evoked a brisk leg withdrawal.
This profound sensory anaesthesia reflected a concomitant motor nerve block, as demonstrated in three experimental animals. Three days (two rats) or 13 days (one rat) after pumps were implanted, these animals were tested behaviourally and showed signs of complete block, as described above. Then they were anaesthetized 286 NERVE TERMINAL SPROUTING and the plantar nerves were exposed and stimulated electrically above and below the cuff. Stimulation above the cuff caused no contraction while stimulation below the cuff caused a strong contraction of plantar muscles in each animal.
In nerve-blocked animals, the pattern of foot pad anaesthesia remained constant throughout the period of nerve block (up to 13 days). In the partially denervated animals, however, the areas of anaesthesia shrunk over a period of several days after the plantar nerves were cut. This partial recovery was observed long before reinnervation could have occurred. Devor, Schonfeld, Seltzer & Wall (1979) investigated this phenomenon more thoroughly, and showed that, after section of the plantar nerves, saphenous nerve terminals in adjacent areas of skin sprout and innervate the denervated plantar skin. Since the animals with plantar nerve block showed no behavioural signs of sprouting, it seems that nerve block alone is not a sufficient stimulus to provoke sprouting and formation of functional receptors by adjacent, active sensory terminals.
Tests for motor nerve damage. It was of critical importance that experimental animals which suffered any nerve damage be excluded from the study, since sprouting in these animals might be attributed to the partial denervation resulting from the nerve damage. Signs of nerve damage were sought at the time of the final experiment, by studying properties of the two totally blocked muscles (flexor digitorum brevis and second deep lumbrical). Several tests were used, as follows (see Table 2 ).
1. Evoked end-plate potentials were recorded with intracellular recording electrodes, ordinarily from flexor muscle fibres. In some animals, recordings were made from more than one muscle. Of the animals included in the study, every muscle fibre impaled (n = 220 in eight muscles from five rats) produced an evoked synaptic response. Although this is suggestive of lack of nerve damage, it is not a severe test since sprouts might have innervated fibres denervated by nerve damage. Thus other tests were also performed.
2. Motor units in second deep lumbrical muscles were counted by observing the number of increments of twitch tension in response to graded nerve stimulation (Fig. 3) . The numbers were compared to contralateral control muscles. None of the experimental muscles showed signs of a reduced number of motor units (Table 2) .
3. The numbers of myelinated axons were counted in histological sections of the nerves from the lateral plantar region. The nerve sample was taken when the nerve was sectioned, 1 day before the terminal experiment. In each case, the number of axons was about the same as in a similar control nerve (Table 2 ). In addition there were no obvious signs of damage to the nerves and the axon profiles were uniformly packed in the nerve (P1. 1).
4. In four rats, totally blocked second lumbrical muscles were stained with ZIO and small bundles of fibres teased apart. All fibres examined received a nerve terminal, and while terminal sprouts were visible (Table 1) , no collateral (pre-terminal) sprouts, which are characteristic of partially denervated muscle were observed.
In summary, the combined results of these tests suggest that no damage had been produced by the cuffs in the animals included in the study.
Identification of active nerve terminals. In partially blocked muscles, the blocked axons (in the lateral plantar nerve) were cut one day before the terminal experiment (see Fig. 1 ). Their terminals degenerated, and only the active terminals (from the sural nerve) stained with ZIO. Control experiments showed that the 1 day period 287 2 W.J. BETZ, J. H. CALDW~iELL AND R. R. RIBCHESTER allowed complete degeneration of terminals of cut axons, without permitting sprouting from neighbouring intact terminals. First, five muscles were totally denervated one day before being stained with ZIO; no stained terminals were observed (cf. Slater & Wolfe, 1977 Tuffery, 1971) , illustrated in Fig. 4 (P > 0 05, t test). Thus a 1 day period of partial denervation is not sufficiently long to cause sprouting of remaining terminals. In summary, the osmotic pump assemblies were capable of maintaining a stable prolonged block of nerve conduction for 5-13 days without damaging the axons in the plantar nerves. A single day of partial denervation preceding the final experiment allowed degeneration of the nerve terminals of the severed axons without causing sprouting of the remaining terminals.
Experimental muscles Plantar nerve block produced total paralysis of some muscles (second lumbrical and flexor digitorum brevis) and partial paralysis of others (fourth lumbrical and flexor digitorum quinti brevis), which also received innervation via the (unblocked) sural nerve. One aim of this study was to compare sprouting in these two types of muscles. In addition, some muscles were partially denervated for 5-6 days, to 288 NERVE TERMINAL SPROUTING 289 compare effects of denervation and nerve block. The results show that sprouting occurred under all three conditions, but was most pronounced following partial denervation, as shown in Fig. 4 .
Sprouting in partially inactive muscles. The morphology of active motor nerve terminals in partially inactive muscles (fourth lumbrical and flexor digitorum quinti brevis) was visualized by ZIO staining 1 day after cutting the lateral plantar nerve which had been blocked for the preceding 5-7 days. Sprouting of the active (sural) nerve terminals had clearly taken place ( Fig. 5; P1 . 2). Terminal sprouts were seen in about 35 % of the terminals examined and the average length of the sprouts was about 11 Aim (Fig. 4) . No collateral (pre-terminal) sprouts were seen and only eight out of 104 of the terminal sprouts extended to adjacent muscle fibres (Table 1) , and even these sprouts terminated only in small varicosities, which did not resemble mature terminal arborizations (Fig. 5) . Sprouting in totally inactive muscles. The second deep lumbrical muscle is innervated solely by the medial plantar nerve, and therefore was totally paralysed by the TTX. Also, cutting the lateral plantar nerve the day before the terminal experiment did not affect second lumbrical innervation. The extent of sprouting observed in ZIO these stained muscles was very similar to that seen in the fourth lumbrical (partially inactive) muscles described above. About 35 % of the terminals examined in second lumbrical muscles possessed sprouts and the sprouts were about 14 ,tm long (Fig. 4) . Examples are shown in Fig. 5 and P1 . 2. Less than 5 % of the sprouts projected to adjacent muscle fibres, and no collateral sprouts were seen in the totally inactive muscles. These observations are very similar to those of Brown & Ironton (1977b) , 20V . J. BETZ, J. H. CALD WELL AND R. R. RIBCHESTER who studied sprouting in mouse soleus and peroneus tertius muscles which had been totally paralysed by application of TTX impregnated cuffs to the sciatic nerve.
Longterm nerve block. It was of considerable interest to know whether sprouts in the paralysed muscles were capable of forming functional synaptic connexions with 12/18 * Single remaining motor unit Summary of measurements of nerve terminals and sprouts stained with ZIO. Nerves (lateral and medial plantar) were blocked by TTX (A, B) or the lateral plantar was cut to produce partial denervation (C). A, partially blocked muscles were the flexor digitorum quinti brevis (rats 3a and 6) or fourth deep lumbrical (all others). The lateral plantar nerve was cut 1 day before staining the muscles, so that only active terminals were measured (see Methods). B, totally blocked muscles were the second deep lumbrical. C, partially denervated muscles were the fourth deep lumbrical. neighbouring fibres, thereby producing muscle fibres with polyneuronal innervation. However, as noted above, after 5-7 days of nerve block, the sprouts were quite short. Thus, attempts were made to produce a nerve block of longer duration, using a long lasting osmotic pump (see Methods). In two animals, plantar nerve block was achieved for 12-13 days, without signs of nerve damage. In these animals the lateral plantar nerve was not sectioned one day before the final experiment. All four muscles with their nerve supplies were removed from each animal and examined for signs of polyneuronal innervation with intracellular and tension recording techniques, before staining with ZIO. Results were very similar to those observed after nerve block lasting only 5-7 days.
In the flexor digitorum brevis and fourth lumbrical muscles, evoked synaptic responses were recorded in response to stimulation of the three different nerves, the 290 NER VE TERMINAL SPROUTING . Camera lucida drawings of motor nerve terminals stained with ZIO. Drawings were selected to show typical sprouting pattern, except E and F, which were rare occurrences. A, control showed no sprouts (fourth deep lumbrical muscle); B, muscle totally blocked by TTX for 5 days showed small varicose sprouts extending towards adjacent muscle fibre (second deep lumbrical muscle); D, muscle partially denervated for 5 days showed collateral (preterminal) sprouts which formed new terminal arborizations on adjacent muscle fibres (fourth lumbrical muscle); C, E, F, active terminals in muscles partially paralysed for 5 days (C), 7 days (E), and 13 days (F). Terminal sprouts are visible in each case, and in E and F, a sprout formed an ectopic terminal varicosity on a neighbouring fibre. Such contacts were rare in paralysed muscles. W. J. BETZ, J. H. CALDIWELL AND R. R. RIBCHESTER medial and lateral plantar and the sural. None of the fibres impaled received inputs from more than one nerve (twenty to fifty muscle fibres were sampled in each case).
In three of these muscles, resting membrane potentials were measured. The muscles were studied under identical conditions. In one totally blocked flexor digitorum brevis muscle, resting potentials averaged -40 ± 2 mV (mean + s.E. of mean, n = 10 muscle fibres), while in the contralateral control, they averaged -67 ± 2 mV (n = 12). Similarly, in a partially blocked fourth Fig. 1. lumbrical muscle, paralysed fibres (innervated by the lateral plantar nerve) had lower resting potentials (mean= 55 ± 2 mV, n = 14) than active fibres (innervated by the sural nerve) in the same muscle (70 1 mV, n = 8). The differences between active and inactive muscle fibres in each case are highly significant (P < 0 001, t test). This suggests that inactivity causes a reduction in resting membrane potential, similar to that seen following denervation (McArdle & Albuquerque, 1973) .
Tension recordings gave similar results. As illustrated in Fig. 6 , the amount of polyneuronal innervation was estimated in two ways. First, tetanic stimulation of the two nerves to a muscle showed little overlap (Fig. 6A) ; that is, the tension generated by stimulating both nerves simultaneously was about the same as the sum of the tensions produced by stimulating each nerve alone. A second test for polyneuronal innervation, illustrated in Fig. 6B , was based on the twitch tensions seen when a short interval separated stimuli given to the lateral plantar or sural nerves or both (cf. Brown & Matthews, 1960) . When one of the two nerves (sural) was given two stimuli separated by a 10 msec delay, a relatively large increment in the twitch tension was seen (Fig. 6 B, left) . Simultaneous stimulation of both lateral plantar and sural nerves caused a single synchronous contraction of every muscle fibre (Fig. 6 B right, lower trace). When the stimulus to the sural nerve followed that to the lateral plantar by 10 msec, only fibres innervated by both nerves generated additional NERVE TERMINAL SPROUTING tension. Only a very small increment in tension was seen on stimulating the two nerves in this way, further suggesting that few, if any, muscle fibres received polyneuronal innervation.
Following the physiological experiments, muscles were examined histologically. and both nerves (upper trace). Stimulation frequency = 50/sec. Arrow shows sum of lower two traces, which is the same as that observed when both were stimulated, indicating a lack of dual innervation. B, twitch tensions from the same muscle. The amount of polyneuronal innervation was assessed by delaying stimuli applied to the separate nerves. Left traces: stimulation of sural nerve only; right traces: stimulation of lateral plantar and sural nerves simultaneously (lower trace) and delayed (the sural stimulated 10 msec after the lateral plantar, upper trace). Using eq.
(1) in text, 7 % of the muscle fibres were calculated to be innervated by both nerves.
muscles, although, as in muscles partially blocked for only 5-7 days, the sprouts were generally short. Only one clear case of a long sprout terminating on an adjacent muscle fibre was seen. This unusual sprout is shown in Fig. 5 F. Thus, the histological picture was consistent with the physiological results: even after nearly 2 weeks of nerve block, few sprouts had formed functional synapses on neighbouring fibres. Sprouting in partially denervated muscles. Four second deep lumbrical muscles were 293 reflects sprouting and reinnervation of denervated fibres by the sural motor neurons (cf. Thompson, 1978) . This interpretation was supported by the histological appearance of motor nerve terminals. Two kinds of sprouts were identified in ZIO stained preparations. Terminal sprouts were fine axon outgrowths from the terminal arborization itself. In addition, pre-terminal sprouts (also called collateral sprouts) were identified as axon outgrowths arising from nodes of Ranvier of pre-terminal axons (cf. Edds, 1953; . Examples of both kinds of sprouts are shown in Fig. 5 D and P1. 2 D) .
Quantitative results are given in Table 1 and Fig. 4 . About 65 % of the terminals examined in partially denervated muscles possessed terminal sprouts and these sprouts were about 25 ,gm long (Fig. 4) . Of all the sprouts examined, about 50 % extended to and formed terminal arborizations on adjacent, otherwise denervated muscle fibres (Table 1) .
It was not possible to measure the frequency of collateral sprouting accurately, since the ZIO technique (which stained nerve terminals jet black) sometimes did not stain the pre-terminal axons at all. For this reason the number of muscle fibres innervated by sprouts might have been underestimated. If a terminal arborization could not be traced to a sprout, it was assumed to be an original nerve terminal.
Three of the partially denervated muscles were innervated by only a single motor axon after the lateral plantar nerve section. In these muscles all motor nerve terminals belonged to the same motor neurone. If sprouting is governed by a central command from the motor neurone cell body, one might expect that each nerve terminal would sprout to the same extent in such muscles. This was clearly not the case. In all three muscles, some motor nerve terminals had well defined sprouts, while other terminals, located on adjacent muscle fibres, possessed no sprouts at all.
In summary, two types of sprouting were observed in partially denervated muscles: one arising from terminals, and the other arising from pre-terminal nodes of Ranvier (the latter were not observed in the paralysed muscles described earlier). About two thirds of the end-plates had terminal sprouts, and many of these extended considerable distances to form contacts on neighbouring muscle fibres. This degree of terminal sprouting was significantly greater than in the paralysed muscles, where sprouts grew from about one third of the terminals, and very few reached other muscle fibres.
DISCUSSION
The results of this study show that paralysed muscle fibres were capable of causing active nerve terminals on adjacent active muscle fibres to sprout. The degree of sprouting was not as great, however, as that seen after partial denervation.
Even after nearly two weeks of partial (or total) nerve block, few sprouts had grown to neighbouring fibres, and physiological signs of polyneuronal innervation were virtually absent. In similar experiments on the frog cardiac ganglion, Roper & Ko 294 NERVE TERMINAL SPROUTING (1978) also found no physiological signs of functional sprouting when they blocked some of the preganglionic axons with TTX. A possible explanation for the difference between paralysed and denervated muscles is that, in partially denervated muscles, sprouts have ready access to vacant target sites, the denervated end-plates, for which growing axons show a high affinity (Sanes, Marshall & McMahan, 1978) . In the blocked muscles, however, all end plates were occupied by motor nerve terminals. If sprouts, like cultured neurones, grow in a pulsatile way (Harrison, 1910) , extending and withdrawing growth cones in search of vacant end plates, then it is perhaps not surprising that the sprouts were shorter in blocked muscles. By itself, however, this explanation seems inadequate, for the fraction of terminals showing any sprouts at all was significantly lower in blocked muscles (35 00) than in partially denervated muscles (65 0), and collateral sprouts were observed only in partially denervated preparations (cf. Brown & Ironton, 1978) . This suggests the presence of a stronger or additional stimulus to sprouting in partially denervated muscles. As others have shown, the source of this additional stimulus is the degenerating nerves (Hoffman, 1950; ).
Thus, two independent sources of sprouting stimuli exist, whose effects are additive. It is perhaps simplest to envision the stimuli as diffusible sprout-promoting molecules, released by degenerating nerves and paralysed muscle fibres. However, different sprouting control mechanisms have been postulated in other preparations. For instance, amphibian skin sensory nerve terminals are thought to release an antisprouting factor normally, and the loss of this factor in denervated skin apparently allows intact terminals to sprout from adjacent regions (Diamond, Cooper, Turner & AMacIntyre, 1976) . Also, axotomized frog motor neurons can convey a sprouting stimulus to their contralateral homologues, producing sprouting in otherwise normal muscles (Rotshenker, 1978) . This latter mechanism apparently does not operate in rats, since in the present study total denervation of a muscle did not cause sprouting in the contralateral muscle.
While it is clear that the sprouting stimuli in mammalian muscles arise from two different sources, it is not known whether the stimuli themselves are the same or different. Collateral sprouting is observed after partial denervation, but not after nerve block. This might suggest that nerve degeneration products are required for collateral sprouting. On the other hand, the two stimuli might be the same, but the response could be dose-dependent. That is, the nodes of Ranvier, from which collateral sprouts arise, are close to the source of the stimulus (degenerating nerves) in partially denervated muscles, but are somewhat isolated from the stimulus source (inactive muscle fibres) in paralysed muscles, by virtue of the diffusion barrier formed by the perineurium.
The site of action of the stimulus for terminal sprouting is also unclear. The stimulus might act directly on the nerve terminals, or it might act indirectly, for example by causing some change in the surface properties of the muscle fibre, that change being detected in turn by the nerve terminal. Experiments designed to detect changes in surface membrane properties (e.g. resistance to the blocking action of TTX) of innervated fibres in partially denervated muscles have produced contradictory results (Cangiano & Lutzemberger, 1977; Tiedt, Albuquerque & Guth, 1977) .
In other experiments, Pestronk & Drachman (1978) concluded that chronic block of 295
